A first experimental setup of a Laser-Induced Electrostrictive Grating Spectroscopy system was built and temperature measurements in a pressure cell were carried out successfully for different pressures. Furthermore, experience was collected by varying some of the geometrical parameters of the setup. A discrete fast fourier transform was used to determine the oscillation frequency of the degenerating grating. This method turned out to provide a low resolution of frequency. To optimize the temperature determination in future investigations two alternative methods are suggested. Finally the next planned steps of experimental work are described. 
I. Introduction
One way to simulate the reentry process of space transportation systems experimentally are free-piston shock tunnels. These facilities allow investigations of aerothermodynamic phenomena of high speed and high enthalpy flows and their interaction with probes or specially shaped bodies. At the moment a freepiston shock tunnel facility named HELM (High Enthalpy Laboratory Munich) 6 is being commissioned at the University of the Armed Forces in Munich (UniBwM). Recently the first operational tests have been completed successfully 5 . The flow produced in the measurement chamber of a free-piston shock tunnel is characterized by the condition of the compressed test gas in the nozzle reservoir. The high pressure and high temperature of the gas resulting from a reflected shock determine the properties of the high enthalpy flow, which is generated by expanding the gas through a nozzle. To investigate the gas properties at this critical position of the tunnel, optical access to the nozzle reservoir was realized at the HELM facility. This optical access is designed for non-invasive optical temperature measurements before and at the moment of the second diaphragm bursting. The extreme physical condition of the gas (very high pressure and temperature) as well as the very short measurement time of a few milliseconds pose a challenge to measurement technique and equipment. Most of the common laser measuring methods are inapplicable to this problem due to spectral effects like line broadening or due to temporal limitations. As a promising technique for this task, spectroscopy based on laser-induced gratings was identified. According to Stampanoni 8 , the signal quality improves with high pressure and single shot measurements are possible. Furthermore, this method is supposed to be comparatively simple and accurate 2 .
II. Measuring Method
The opto-acoustic effect, used for this measurement technique, occurs when two coherent laser beams (pump beams) with the same wavelength λ pump cross under a certain angle θ. Figure 1 illustrates this situation. The interference of the beams generates an optical grating in the cross-section of the beams. This grating can be read out by sending a third laser beam (probe beam) with the wavelength λ probe into the cross-section at an angle ϕ according to Bragg's law:
The grating constant Λ of the induced grating can be obtained by
Since the pump beams are pulsed, the grating only lasts for a few hundred nanoseconds. The intensity fluctuation of the diffracted probe beam allows the measurement of the oscillating degeneration of the grating. Since the frequency of this oscillation f M is dependant on the speed of sound a,
the temperature T can be determined, if the composition of the test gas and thus the ratio of specific heats κ and the specific gas constant R S are known:
The factor c in equation (3) is a grating factor, which varies depending on the nature of the grating. Two main effects occur as a result of the interference of the two pump beams: The resonant thermal process (c = 1) and the non-resonant electrostrictive process (c = 2). In the non-resonant process polarizable molecules of the test gas orient themselves toward the electromagnetic field of the pump beams. Due to the interference more molecules tend to move into the area of high intensities, leading to a difference in density. This density distribution causes a change of the gas's refraction index, resulting in an optical grating. The measuring method using this kind of gratings is called Laser-Induced Electrostrictive Grating Spectroscopy (LIEGS).
To generate a resonant grating, as used by Laser-Induced Thermal Grating Spectroscopy (LITGS), the wavelength of the pump beams needs to coincide with an absorption line of the test gas. According to the interference of the beams, more gas molecules are excited in the areas of high laser intensity. A thermal grating is formed by collisional quenching of the resulting population distribution. This means that the higher energy of the excited molecules is transferred to the surrounding molecules by collision, leading to a higher temperature around formerly excited molecules. In this case, the refraction index of the gas is changed by the influence of temperature.
III. Experimental Setup
Since the probability of a successful measurements in high pressures and temperatures according to Stampanoni 8 and Dillmann 3 are higher for thermal gratings, LITGS is the measuring method chosen for future measurements at HELM. But as there currently is no laser system at the institute fitting to an absorption feature of the test gas (hot dry air) and the measuring principles and the setups are very similar, the presented experiments were done by using Laser-Induced Electrostrictive Grating Spectroscopy (LIEGS). These preliminary experiments using a pressure cell and later a conventional shock tube shall help to collect experience on these kinds of laser measuring techniques. The setup of the LIEGS-system used for the measurements on the pressure cell can be seen in figure 2. The pump beams are provided by a pulsed (10 Hz) frequency-doubled Nd:YAG laser (New Wave Research Gemini PIV) with a nominal power of 400 mJ at 532 nm and a pulse duration of 5 ns. The output beam, 5.5 mm in diameter, is split by a 50:50 beam splitter (BS1). The two resulting pump beams are adjusted to equal pathlength by two retroreflectors (RR) and then pass a collecting lens (focal length 1000mm) (CL). The measurement volume in the pressure cell (PC) lies in the focus of the lens. The output of a continuous wave Argon-Ion Laser (Coherent Innova 90-A) (Ar+) tuned to 476.5 nm is used as probe beam (nominal power 500mW). This wavelength was chosen, because the strongest line of the Argon-Ion laser at 514 nm would have been close to the wavelength of the high energy pump beams at 532 nm. Therefore, the produced LIEGS signal would have been difficult to separate from the scattered light of the Nd:YAG laser.
Furthermore, a second beam splitter (BS2) can be moved into the path of the probe beam to obtain a simulation of the diffracted signal beam (dashed line), which enables the alignment of the detector. The signal detection is done by a 500 MHz photomultiplier (TSI) (PM), while the data is acquired and visualised by an oscilloscope with a bandwidth of 1 GHz at 10 GS/s (LeCroy WaveRunner 104XI-A). To separate the signal from the rest of the laser light, beam dumps (BD) for the two pump beams and the probe beam are used in combination with several apertures (A) and a bandpass filter (460-490 nm) (F) in front of the detector.
IV. Results and Discussion
A typical signal of a transient electrostrictive grating can be seen as solid line in figure 3a. The oscillating signal is the intensity of the diffracted probe beam acquired by the photomultiplier. The shown measurements were done at room temperature and with a pressure of 0.9 MPa in the pressure cell. With the pulse of the pump beam arriving at around 155 ns the grating is established and starts to degenerate in oscillations at around 160 ns as soon as the pulsed laser beam disappears. Due to a missing anti-reflective coating on the pressure cell windows, the background noise was too high to take measurements at atmospheric pressure. Without the pressure cell, however, measurements at 0.1 MPa absolute pressure were feasible. The background of the pressure cell measurements was mainly caused by reflections of the pulsed high-energy light of the Nd:YAG laser and a maximal disturbance of the signal can be seen at 260 ns. Because of aging effects of the used photomultiplier, there also was a strong random noise on the signal. Therefore 5, 10 and 50 signals were averaged at a time to obtain a higher signal-to-noise ratio. The results are compared in figure 3a. It can be seen that the quality of the signal rises significantly with higher average numbers. Figure 3b shows the result of a discrete fast fourier transform (FFT) analysis using a Hanning window-function on the data later than 160 ns. The analysis was done with National Instruments' Diadem 11.1 software. The figure shows that all the measurements lead to the same oscillation frequency of around 47 MHz, but it is also obvious that the frequency's resolution is very low. The peak consists of two main frequencies 45.89 MHz and 48.44 MHz (arrows). Applying typical air values for κ and R S the equations (1) to (4) provide temperatures of 286.14 K and 318.82 K, respectively. Assuming a room temperature of 293 K these measurements fit quite well considering the low frequency resolution.
IV.A. Influence of Averaging
With respect to the averaging it can be said that the influence on the position of the peak in the FFTsignal seems small. Remarkable is that a (well selected) single shot measurement like the one shown in figure  3 results in a strong peak. Even though the high noise of this single shot measurement strikes through to the FFT-signal, the signal-to-noise ratio of the frequency determination is very good. Most of the single shot signals, however, are significantly weaker. For this reason the averaged measurements in the figure have smaller amplitudes than the shown single shot measurement.
IV.B. Pressure Dependance
To perform measurements under pressure, a former measurement chamber of a shock tube, which has two windows for optical access, was converted into a pressure cell. Therefore it was sealed, connected to a pressure supply and equipped with a pressure gauge. In figure 4 measurements of 50 averaged signals at room temperature and pressures of 0.1 to 0.9 MPa are shown. As mentioned above, it is noticeable that it wasn't possible to do successful measurements at 0.1 MPa as the background noise was too strong for measurements under low pressure conditions, when using the pressure cell. The two frequencies determined from the peak of the FFT-signal are 46.34 MHz and 48.92 MHz, corresponding to temperatures of 291.78 K and 325.17 K, respectively. As described by Schlamp 7 the signal intensity for electrostrictive grating spectroscopy grows with the pressure to the power of two. This effect can be observed when comparing the output voltage at different pressures at the first peak of the oscillation at 190 ns as shown in figure 5 . 
IV.C. Pathlength Variation
As described in the experimental setup section, the experiment provided the possibility to equalize the pathlength of the two pump beams by the adjustment of one retroreflector (see figure 2) . The results of measurements at different positions of the retroreflector are plotted in figure 6 . The starting point at 0 mm was the position where the retroreflector was placed after a first rough adjustment. In order to achieve a fine adjustment, shorter and longer pathlengths where set by moving the retroreflector closer to the setup (-direction) and farer away from the setup (+ direction). Although an influence on the signal strength by varying the position of the retroreflector can be recognized, the system was not very sensitive to these changes. There seems to be a optimal position around +2.5 mm for our setup, whereas the signal gets weaker as soon as you leave this position. The strong signal also leads to the highest peak in the FFT-analysis.
Another geometrical factor was investigated in terms of learning how robust the system is: By moving one of the mirrors, which direct the pump beams on the collecting lens (see figure 2) , the distance of the beams to the optical axis of the lens could be varied. This distance regulates the angle in which the pump beam hits the measurement volume. It can be said that a LIEGS signal was measured in a distance area of ±1 mm around the original position corresponding to ±0.06
• on the angle of incidence of the varied pump beam.
V. Conclusion and Future Work
A Laser-Induced Electrostrictive Grating Spectroscopy system was newly assembled at the institute and measurements at room temperature were carried out successfully. Using a converted shock tube measurement chamber as pressure cell, measurement data at elevated pressure could be produced. Furthermore, experience on the measurement technique was collected by varying the average number of the signal and the pathlength difference of the two pump beams. In a first step, the oscillation frequency necessary to calculate the temperature was determined from the measured signal by applying a discrete fast fourier transform. This method turned out to be improveable as the resolution of frequency is quite low. A step between two frequency values of 2.6 MHz, for example, corresponds to a bias in temperature of 33 K.
Hence, the next step in terms of data processing will be to investigate other methods of frequency determination. According to Bake 1 , a wavelet transform unlike the FFT has the advantage that the resolution of frequency can be rised locally. This should help to get a more precise frequency and thus a better temperature measurement. The other way to reveal the temperature from the data is to model the degenerating process and apply a fitting routine. This method was used by Latzel 4 successfully. The upcoming aim for the measurement system itself is the measurement of different temperatures at different pressures. Since there is no way to heat the existing pressure cell and regarding the fact that the measurement system shall be used at a shock tunnel anyway, the next measurements are planned on temperatures behind a reflected shock in a conventional shock tube with solid end. Due to the comparatively slow repetition rate of the laser and a short measurement time of a few milliseconds, especially the timing of the measurement will be very challenging. Additionally, in respect of higher temperatures and pressures in the later use at the HELM facility, the system has to be switched from electrostrictive to thermal gratings. Therefore, the Nd:YAG laser has to be replaced with a laser emitting at a wavelength corresponding to an absorption feature of the test gas, hot dry air.
